Many species of the Rosaceae family exhibit an S-ribonuclease (S-RNase)-based self-incompatibility (SI) system. In this system, pistil and pollen specificities are conferred by S-RNase and S locus F-box protein, respectively. In addition to these specificity determinants, other SI general factors have been observed to be essential for an SI reaction. To isolate SI general factors in Prunus, yeast two-hybrid (Y2H) screening was performed against the sweet cherry (Prunus avium L.) pollen cDNA library using the N-terminal (NT) and C-terminal (CT) regions of P. avium (Pav) S 6 -RNase as bait. Among 31 genes isolated by Y2H screening, the interaction between actin homolog (PavAct1) and S-RNase was further examined by in vitro assays because some T2/S-type RNase family proteins, such as RNASET2 and ACTIBIND, are assumed to exert their cytotoxicity through its actin-binding ability. Although the GST pull-down assay did not detect any interaction between GST-tagged recombinant PavAct1 and non-reduced S-RNase, interaction between the recombinant PavAct1 and reduced S-RNase was observed. Furthermore, filamentous actin (F-Act) cosedimentation assay and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) crosslinking assay using rabbit actin demonstrated that reduced S-RNases interacted with both F-Act and globular actin (G-Act). These results collectively suggested that S-RNase, which may be fully or partially reduced in the pollen tube cytoplasm, could bind actin to disrupt the coordinated actin dynamics.
Introduction
Gametophytic self-incompatibility (GSI) is a reproductive strategy to prevent inbreeding and promote outcrossing by enabling pistils to reject genetically related pollen (de Nettancourt, 2001 ). In most cases, self-incompatibility (SI) is genetically controlled by a single polymorphic S locus that harbors a pistil determinant gene and a pollen determinant gene. The GSI system in many species of the Rosaceae, Solanaceae, and Plantaginaceae recruits the secreted cytotoxic ribonuclease (S-RNase) as the pistil S determinant, which is referred to as S-RNase-based GSI (McClure, 2009) . F-box genes are commonly identified as the pollen S determinant genes of the S-RNase-based GSI system. The S locus F-box protein gene is named the S haplotypespecific F-box gene (SFB) in Prunus of the Rosaceae (Tao and Iezzoni, 2010; Yamane and Tao, 2009) . Selfand non-self-recognition mediated by the interaction between S-RNase and pollen S determinants was assumed to occur in the pollen tube cytoplasm. S-RNase present in the extracellular matrix is assumed to gain access to the pollen tube cytoplasm through endocytosis and retrotranslocation (McClure, 2009) . It was suggested that S-RNase in the cytoplasm of compatible pollen tubes would be detoxified whereas S-RNase in the cytoplasm of incompatible pollen tubes would induce pollen tube growth cessation.
In addition to these specificity determinants, other unlinked genes, called SI general factors or SI modifiers. are known to be essential for the SI reaction (FlanklinTong, 2008) . These genes are assumed to act upstream or downstream of the specificity determination pathway. In the Solanaceae, SBP1, PGPS/D3, and SSK1 were reported to be pollen SI general factors and HT-B and 120K were reported to be pistil SI general factors (Guo et al., 2006; Hancock et al., 2005; Hua and Kao, 2006; McClure et al., 1999; Zhao et al., 2010) . SSK1 was reported to be one of the pollen SI general factors in the Plantaginaceae . In the Rosaceae, self-compatibility is reported to be conferred by the mutation of either a pollen or pistil SI general factor (Moriya et al., 2009; Vilanova et al., 2006; Wunsch and Hormaza, 2004) . Furthermore, the existence of a hypothetical general inhibiter detoxifying S-RNase in Prunus has been proposed (Tao and Iezzoni, 2010) ; however, SI general factors in the Rosaceae are yet to be elucidated at the molecular level. Complete elucidation of the SI mechanism in the Rosaceae would lead to novel molecular breeding methods and/or horticultural practices that can prevent problems caused by the self-incompatibility of rosaceous fruit tree species.
In this study, we performed yeast two-hybrid (Y2H) screening to isolate a pollen SI general factor interacting with S-RNase in Prunus. During our efforts, P. avium actin like 1 (PavAct1) was found to be among the 31 candidate genes that could interact with S-RNase in yeast cells. We further characterized the binding manner of PavAct1 and S-RNase because we suspected that SRNase may exert its cytotoxic effects through actinbinding ability. A possible molecular mechanism behind self-incompatibility mediated by the actin-binding ability of S-RNase is discussed.
Materials and Methods

Plant materials and RNA extraction
Two sweet cherry (Prunus avium) cultivars 'Satonishiki' (S 3 S 6 ) and 'Beni-syuho' (S 4 S 6 ) were used in this study. Pistils of both cultivars were collected from the flowers at the balloon stage of development in spring, frozen in liquid nitrogen, and stored at −80°C until use. Pollen grains were collected from 'Satonishiki' anthers that were taken from the flowers at the balloon stage and dried at room temperature (RT) for 1 day.
Total RNA was isolated from the collected plant tissues by the cold phenol method as described previously (Tao et al., 1999) and used for gene cloning and Y2H screening experiments.
Y2H screening
Y2H screening was performed against the pollen cDNA library of 'Satonishiki' using BD Matchmaker Library Construction and Screening Kits (Takara Bio, Otsu, Japan). The N-terminal (NT) and the C-terminal (CT) regions of PavS 6 -RNase (DDBJ/EMBL/GenBank Acc. No. AB010305) were cloned into the pGBKT7 vector (BD) (Takara Bio) and used as the bait (NT: 27-122 amino acid positions corresponding to the C1-C3 regions, CT: 123-224 amino acid positions corresponding to the subsequent regions from C3; Fig. 1 ). Yeast cotransformations were performed in AH109 cells, according to instructions of the manufacturer (Takara Bio). The transformed AH109 cells were grown on SD/ -Ade/-His/-Leu/-Trp medium for 7 days at 25°C. Plasmids were isolated from the positive clones, sequenced, and used for the second round of Y2H. In the second round of Y2H, AH109 cells were cotransformed with plasmids from the positive clones and the bait or pGBKT7 to test whether the clones were false positives due to the auto-activation of plasmid or mutation in yeast. Cotransformants were grown on SD/-Leu/-Trp medium for 3 days at 30°C, and five independent colonies were streaked on SD/-Ade/-His/-Leu/-Trp medium containing X-α-gal (Takara Bio) and incubated for 7 days at 25°C to investigate the viability and α-galactosidase activity of the transformants.
Y2H assays
Full-length cDNA of PavAct1 (DDBJ/EMBL/ Gen-Bank Acc. No. AB665559) was cloned using the GeneRacer kit (Invitrogen, Carlsbad, USA) to investigate the interaction between PavAct1 and PavS-RNase. The full-length (FL) coding sequence (CDS) of PavAct1 was cloned into pAD-GAL4-2.1 (AD) (Agilent, Santa Clara, USA), and CDS for FL, NT, and CT of PavS 3 -RNase (DDBJ/EMBL/GenBank Acc. No. AB010306) and PavS 6 -RNase were cloned into pGBKT7 (BD). Cotransformation of AH109 cells with AD and BD plasmids and the interaction test were conducted as above.
Partial purification of S-RNase
For in vitro protein interaction assays, the S-RNase fraction was purified from pistil extracts of 'Beni-syuho'. Sixty pistils were homogenized in extraction buffer (50 mM Bicine-NaOH, 100 mM NaCl, 1 mM DTT, 1 mM PMSF, 0.2% TritonX-100, pH 8.0) using a mortar and pestle. After centrifugation at 20,000 × g for 15 min, the supernatant was filtered through a 0.45-μm cellulose acetate membrane (Advantec, Tokyo, Japan) and loaded into a HiTrap SP column (GE Healthcare, Little Chalfont, UK) equilibrated with a pistil extraction buffer. The bound proteins were eluted with elution buffer (50 mM Bicine-NaOH, 300 mM NaCl, 1 mM DTT, 0.1% (Ushijima et al., 1998) . SP, signal peptide; C1-C5, conserved regions; RC4, rosaceous conserved region; RHV, rosaceous hyper-variable region.
CHAPS, pH 8.0). Eluted proteins were concentrated and diafiltrated using TBS (50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 0.1% CHAPS, pH 7.5) and Amicon Ultra-4 (Millipore, Billerica, USA). The reduced S-RNase was prepared by incubation in reduction buffer (50 mM TrisHCl, 150 mM NaCl, 100 mM DTT, 0.1% CHAPS, pH 7.5) for 1 h at RT. After reduction, excess DTT in the reduced S-RNase sample was removed by diafiltration using Amicon Ultra-0.5 (Millipore).
GST pull-down assays
PavAct1 was cloned into pGEX-KG (GE Healthcare) to generate GST-PavAct1. GST and GST-PavAct1 were expressed in BL21 Codon Plus Escherichia coli (Agilent) with incubation for 24 h at 18°C. The bacteria were lysed with lysozyme in PBS-KCl containing 0.2% TritonX-100 and 1 mM DTT, and the fusion proteins in the clarified lysate were purified using glutathioneSepharose TM 4B (GE Healthcare). Bound proteins were eluted with 50 mM Tris-HCl buffer (pH 9.0) containing 50 mM reduced glutathione and diafiltrated using TBS and Amicon Ultra-4. Twenty micrograms each of GSTtagged PavAct1 and the reduced or non-reduced S-RNase was incubated with glutathione-Sepharose TM 4B in HBST (50 mM HEPES-NaOH, 150 mM NaCl, 1 mM DTT, 0.1% TritonX-100, pH 7.0) for 6 h at 4°C. After the beads had been washed 4 times with HBST and once with 50 mM HEPES-NaOH (pH 7.0) buffer containing 150 mM NaCl, the bound proteins were eluted with 2 × Laemmli buffer.
Filamentous actin (F-Act) cosedimentation assay F-Act cosedimentation assay was performed as described by Machesky and Insall (1998) with slight modification. Globular actin protein from rabbit skeletal muscle (Nacalai Tesque, Kyoto, Japan) (G-Act; 100 μg) was incubated for 2 h at RT in 2 mL F-buffer (2 mM Tris-HCl, 2 mM CaCl 2 , 2 mM ATP, 0.5 mM DTT, 100 mM KCl, 2 mM MgCl 2 , pH 7.5) to allow polymerization, followed by further incubation with 30 μg reduced S-RNase for 1 h at RT. F-Act and G-Act fractions were separated by centrifugation at 100,000 × g for 20 min at 4°C. Pellets were washed twice in Fbuffer and dissolved with 1 × Laemmli buffer.
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) crosslinking assay
The assay was performed as described by Hu et al. (1993) with slight modification. Ten micrograms each of reduced S-RNase and actin were incubated in 15 μL G-Buffer (2 mM Tris-HCl, 2 mM CaCl 2 , 2 mM ATP, 0.5 mM DTT, pH 7.5) for 1 h at RT, followed by further incubation for 30 min with 10 mM EDC to crosslink protein complexes. The crosslinking reaction was stopped by adding an equal amount of 2 × Laemmli buffer.
Protein blot analysis
Proteins were resolved on 10% or 12% polyacrylamide gels and blotted onto fluorotrans ® polyvinylidene difluoride (PVDF) membranes (Pall, Port Washington, USA). Anti-actin antibody (Actin pan Ab-5, Thermo Fisher Science, Waltham, USA), anti-S 4 -RNase antibody, and anti-S 6 -RNase antibody were the primary antibodies. S-RNase antisera were raised against synthetic peptides corresponding to RHV regions of S 4 -RNase and S 6 -RNase (CTGSLFNFRKVYPQLRSDLKIS and CTGPQFKRILSPQLR, respectively). Anti-mouse IgG, HRP-linked whole Ab and anti-rabbit IgG, HRPlinked whole Ab (GE Healthcare) were used as secondary antibodies. Immune complex signals were detected using the ECL Advance Western Blotting Detection Kit (GE Healthcare) and LAS-3000 system (Fujifilm, Tokyo, Japan).
Results and Discussion
Y2H screening to isolate pollen proteins interacting with S-RNase
The NT and CT of PavS 6 -RNase were used as bait in each screening because the FL of S-RNase was previously suggested to be folded improperly and inappropriate for use in the Y2H system (O'Brien et al., 2004; Sims and Ordanic, 2001) . Among the 524 surviving yeast cell colonies obtained from 1 × 10 6 cotransformants in NT screening, 260 transformed colonies with a single library vector were used for further analysis. The inserts of recovered prey vectors were sorted into 44 different genes based on the peach genome database, of which 22 were confirmed to interact with the bait in the second round of Y2H assays (Table 1) . In CT screening, 2.3 × 10 6 cotransformants were plated, and all 175 surviving colonies were analyzed. The inserts of the prey vectors were sorted into 28 different genes, of which 11 were confirmed to interact with S-RNase in the second round of the Y2H assays (Table 1 ). In total, 31 candidate genes that could interact with S-RNase in yeast were obtained (Table 1) . Among them, RNNT1, 12, 15, 16, 17, and 19 and RNCT2, 3, 4, 6 , and 8 were genes homologous to the genes for extracellular protein, while RNNT14 encodes a protein with a signal peptide sequence at the N-terminus. We did not conduct any further analysis of these clones because we focused on proteins that interact with S-RNase in the cytosol of pollen tube cells in this study. Actin homologs (RNNT8 and RNCT5) and E3 ligase homologs (RNNT5 and RNNT13) were isolated in our Y2H screening, both of which were reported to bind T2/S-type RNase. Actin was reported to bind to some of the T2/S-type RNase family proteins, such as human RNASET2 and Aspergillus ACTIBIND. E3 ligase, such as SLF in Plantaginaceae and SBP1 and SLF in Solananaceae, were also reported to bind to S-RNase (Hua and Kao, 2006; O'Brien et al., 2004; Qiao et al., 2004; Roiz et al., 2006; Sims and Ordanic, 2001; Smirnoff et al., 2006) . Although E3 ligase homologs can be very good candidates for general inhibitors of S-RNase, we selected the actin homolog for further characterization in this study and left E3 ligase homologs for future studies, because we suspected that S-RNase may exert its cytotoxic effects through its actin-binding ability. It has also been speculated that RNASET2 and ACTIBIND exert their cytotoxicity through their actin-binding ability (Luhtala and Parker, 2010) . Full-length cDNA of the actin homolog was cloned from partial sequences of RNNT8 and RNCT5, and named PavAct1. Although the FL of PavAct1 did not interact with NT, CT, and FL of S 3 -and S
6
-RNase in Y2H assays (data not shown), we attempted to examine the protein interaction in vitro because it is possible that the FL of PavAct1 could be unsuitable for our Y2H system.
PavAct1 binds to reduced S-RNase
The fraction containing S 4 -and S 6 -RNase was purified from pistil extracts for in vitro assays (Fig. 2) . The reduced S-RNase fraction was also prepared because certain disulfide-linked protein toxins in animal cells were activated by reduction at the ER lumen and/or cytoplasm after endocytosis (Sandvig and van Deurs, 2002; Spooner et al., 2006) . In pull-down assays, GSTtagged PavAct1 interacted with the reduced S-RNase regardless of the S haplotype, but not with the nonreduced S-RNase (Fig. 3) . Although the mechanism by which S-RNase is taken up by pollen tubes in Prunus is yet to be clarified, at least some S-RNase is assumed to be present in the cytosol where S-RNase would interact with the pollen S determinant SFB to induce SI reactions. Considering the cytosolic-reducing environment, which can resolve disulfides of extracellular proteins that are taken up and partitioned into the cytosol such as in the case of diphtheria toxin (Falnes and Olsnes, 1995) , the results obtained in this study with reduced S-RNase are intriguing. There may be other mechanisms behind the reduction of S-RNase in Prunus because it has been reported that the Nicotiana alata Trxh, localized in the style extracellular matrix, interacted with S-RNase to reduce S-RNase in vitro (Juárez-Díaz et al., 2006) .
Both F-and G-actin forms bind to reduced S-RNase
Actin is known to form either the monomeric G-form or the polymerized F-form, depending on the solutes and the regulation from actin-binding proteins (Staigar et al., 2010) . In the pull-down condition, both actin forms were assumed to coexist. As the proteins interacting with actin were different between forms, we examined which form interacted with the reduced S-RNase. Binding of F-Act to S-RNase was investigated by the F-Act cosedimentation assay. S-RNase alone did not precipitate on centrifugation; however, it precipitated when mixed with F-Act, indicating binding of S-RNase to F-Act (Fig. 4) . Binding of G-Act was investigated by EDC crosslinking assay. When S-RNase and G-Act were mixed, protein bands at approximately 70 kDa appeared to bind with the antibodies against S 4 -RNase, S 6 -RNase, and actin, indicating the formation of the complex between G-Act and S-RNase (Fig. 5) . The actin-binding ability of SRNase was suggested to be non-specific to actin forms as reported with diphtheria toxin and angiogenin (Bektaş et al., 2009; Pyatibratov et al., 2010) . When G-Act was incubated alone, proteins bands at approximately 80 kDa and 120 kDa, which were assumed to be dimeric and trimeric actins, respectively, were also detected. These dimeric and trimeric forms disappeared when S-RNase and G-Act were mixed. If S-RNase had bound with dimeric and trimeric actins, signals should have been Triangle indicates a nonspecific band, which was confirmed to be a different protein from S-RNase (data not shown). T, pistil total extract; F, flow-through fraction; B, column-bound fraction. Fig. 3 . GST pull-down assay using GST-tagged PavAct1 and SRNase. Proteins bound to glutathione-sepharose were detected by immunoblotting. GST was used as a negative control. As a positive control, 1/20 amount of the same proteins used for GST pull-down assay were loaded. αS 4 -RNase and αS 6 -RNase indicate signals detected using anti-S 4 -RNase antibody and anti-S 6 -RNase antibody, respectively. precipitated by centrifugation at 100,000 × g after incubation with reduced S-RNase. Proteins in each fraction were detected by immunoblotting. αActin, αS 4 -RNase, and αS 6 -RNase indicate signals detected using anti-actin antibody, anti-S 4 -RNase antibody, and anti-S 6 -RNase antibody, respectively. P, pellet fraction; S, supernatant fraction.
detected at 100 to 150 kDa regions. Thus, we assume that the dimerization and trimerization of G-Act in GBuffer was prohibited in the presence of S-RNase.
S-RNase cytotoxicity and its actin-binding ability
Y2H screening performed in this study demonstrated that PavAct1 was a candidate pollen protein that can interact with S-RNase. Both the F-and G-forms of actin were indicated to bind to reduced but not to non-reduced S-RNase. RNASET2 and ACTIBIND have been reported to exert cytotoxicity on human cancer cells regardless of their RNase activity Smirnoff et al., 2006) ; thus, their actin-binding ability was speculated to provide such a cytotoxic effect (Luhtala and Parker, 2010) . Actin dynamics were suggested to play a central role in coordinating many aspects of pollen tube growth, i.e. organelle movement, cytoplasmic streaming, organization of the tip zone, vesicle trafficking, and tip growth (Staiger et al., 2010) . Disruption of actin dynamics by chemical treatment was reported to inhibit pollen tube growth (Cárdenas et al., 2005) . Furthermore, changes in the actin dynamics have been reported to trigger apoptosis/programmed cell death (PCD) in many organisms (Flanklin-Tong and Gourlay, 2008) . In fact, modification of the actin dynamics triggers PCD of the self-pollen tube in the GSI system in Papaveraceae (Thomas et al., 2006) . These results may collectively suggest that S-RNase reduced by the pollen cytosolic environment and/or reducing enzymes may bind actin and disrupt actin dynamics to exert its cytotoxicity independent of RNase activity as a growth inhibitor or PCD signal. Interestingly, alterations of the actin cytoskeleton in the SI pollen tube were observed in Japanese pear (Pyrus pyrifolia N.), although it was unclear whether this alteration was a direct cause of selfpollen tube cessation (Liu et al., 2007) .
The results obtained in this study, however, must be considered cautiously because we are yet to test whether S-RNase is reduced in the cytosol of pollen tubes in Prunus. Furthermore, it has been reported that mutated S-RNase with no RNase activity was unable to reject self-pollen in the Solanaceae, indicating the requirement of RNase activity for S-RNase to function in the SI reaction (Huang et al., 1994) , although the same molecular folding may be necessary for RNase and actinbinding activities. Finally, it is also possible that the interaction between actin and the reduced S-RNase could be an artifact because some disulfide-reduced proteins are prone to aggregation (Takase et al., 2002) . Further studies are required to elucidate whether pollen RNA and/or actin are the cytotoxic targets of S-RNase in Prunus.
